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In a  previous paper  (Herriott,  1937)  evidence was presented  to  show  that 
iodine reacts with the tyrosine of pepsin and causes inactivation of the enzyme. 
After complete iodination and inactivation over 80 per cent of the iodine was 
recovered  as  di-iodotyrosine.  Philpot  and  Small  (1939)  found  that  a  small 
amount of iodine caused some inactivation of pepsin withou  t  any measurable 
drop in Folin's colorimetric tyrosine test and suggested,  therefore,  that some 
group other than tyrosine was involved.  In the present work small amounts 
of iodine were introduced into the pepsin molecule and 65 per cent of this iodine 
was  subsequently  identified  as  /-mono-iodotyrosine.  No  evidence  was  ob- 
tained for any other iodine compound.  The fact that mono-iodotyrosine has 
about 80 per cent of the molar color value of tyrosine instead of the 50 per cent 
of di-iodotyrosine explaim the results of Philpot and  Small. 
The iodinated pepsin preparations were found to be fairly homogeneous as 
judged  by  a  number  of  fractionation  experiments.  Crystallization  of  the 
iodinated pepsin and a  subsequent  solubility experiment  showed the material 
to be very different from pepsin and to be relatively pure.  The crystals were 
microscopically indistinguishable from those of pepsin.  Electrophoresis failed 
to separate a  mixture of pepsin and  iodinated  pepsin. 
Iodination  of Pepsin 
Purified pepsin solutions  (for preparation see Experimental Methods)  were 
mixed with  dilute  alcoholic solutions  of free iodine  or dilute  iodine  in  KI at 
pH 5.0-6.0 and room temperature until the iodine disappeared from solution. 
The iodine  concentration  had been adjusted  so that  there was a  loss of only 
10-20 per cent of the activity and no measurable change in the blue color value 
with Folin's phenol reagent.  Half the free iodine that had disappeared from 
solution was found to be organically bound to the protein which is just what 
one  would  expect  of a  substitution  reaction  of iodine.  Oxidation  by iodine 
under  these  conditions  is  therefore  improbable.  This  iodinated  pepsin  con- 
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tained about 0.7 per cent iodine or only 2 iodine atoms per molecule of pepsin. 
This  amount  is  only  one-twentieth  of the  amount  of iodine  previously  found 
necessary  to  completely  inactivate  and  completely  iodinate  pepsin.  Iodide 
FIG. 1 a.  Crystalline/-mono-iodotyrosine from iodinated pepsin. 
b.  Crystalline di-iodotyrosine from iodinated pepsin. 
ion was removed by dialysis or by washing the denatured protein precipitate on 
a  funnel  with  M/100  sulfuric  acid. 
Crystallization  of Iodinated  Pepsin 
Crystallization  of iodinated pepsin was carried out in much the same way as 
for  the  original  pepsin,  i.e.  precipitation  by  titrating  to  pH  2.5;  stirring  the 
filter cake in one-half its volume of water at 35 ° C. plus just enough N/2 sodium 
hydroxide to dissolve the solid, then stirring and cooling slowly. ROGER  M.  I-IERRIOTT  187 
The  resulting  crystals  were  indistinguishable  under  the  microscope  from 
ordinary pepsin crystals.  Only one preparation was  crystallized.  No  other 
attempts were made since there was no indication of any change in properties 
by crystallization. 
Tests  of Purity 
It was thought important to determine whether the iodinated pepsin prepara- 
tions were reaction mixtures of several proteins of varying iodine content or if 
the material was fairly homogeneous.  This would have some bearing on the 
question as to the amount of iodine necessary to inactivate a  pepsin molecule. 
TABLE I 
Fractionation Experiments 
Sample 
No.  Materials and Procedure 
Original pepsin ..................................... 
No. 1 after iodination* .............................. 
A fraction of No. 2 insoluble in 0.5 sat. MgSO4 0.05 M  pH 
4.6 acetate buffer ................................. 
First crystals of No. 2 ............................... 
Mother liquor from first crystals  ...................... 
Fraction of No. 4 soluble in 0.25 •  Na2SO4 pH 4.0 ..... 
Fraction of No. 4 that did not dissolve in aliquot of 0.25 
Na2SO4--pH 4.0 used in No. 6 ..................... 
0.32 
~).23 
0.22 
0.23 
0.22 
0.21 
0.21 
Iodine 
per cent 
1.4 
1.4 
1.3 
1.45 
1.0 
* More iodine was added to this particular preparation than to the others which accounts 
Hb  for its higher iodine content and lower specific activity [P.U.]mg" P.N. 
Iodinated pepsin preparations were therefore subjected to various fractionating 
tests and the various fractions analyzed. 
It is apparent from the results in Table I and Fig. 3 that the preparations are 
relatively homogeneous  and  do  not  consist  of an  inactive  iodinated protein 
mixed with some of the original pepsin.  It is likely then that the iodine dis- 
tributes itself fairly evenly among all the protein molecules. 
Electrophoresis.--Electrophoresis  of  a  solution  of  the  crystalline iodinated 
pepsin in the Tiselius cell (kindly analyzed by Dr. Alexandre Rothen) at pH 4.4 
revealed that there was only one moving boundary.  However, when this same 
material was mixed with equal amounts of pure pepsin the mixture also showed 
only a  single sharp boundary both before reversing the current and afterwards 
(Fig. 2).  This was done at only one pH and it is possible that at some other 
pH they could be separated.  The mobilities were as follows: for the ascending 188  INACTIVATION  OF  PEPSIN  BY  IODINE.  II 
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boundary of the io~linated  pepsin 8.1  X  10  ~  and the descending boundary 
7.8  X  10  -s.  In  the mixture of iodinated pepsin  and pepsin  the ascending 
boundary was 7.8 X  10  -~ while the descending boundary was 7.5 X  10  --6, all 
values being expressed in cm.S/volt/sec. 
Solubility  Curve.--A  solubility curve of the crystalline pepsin is shown in 
Fig. 3.  In the solvent used, 0.25 x¢ sodium sulfate pH 4.0,  crystalline pepsin 
is at least 20 times as soluble as the crystals of iodinated pepsin.  The two pro- 
teins can therefore easily be distinguished.  The curve in Fig. 3 is not that of an 
ideal substance but it shows no great degree of inhomogeneity.  The points 
marked O  and [] are values determined and calculated when some pepsin was 
added to the solvent before adding the crystalline iodlnated pepsin.  The value 
[] was expected only if the solubilities of the two proteins were independent of 
each other; i.e., they form a mixture.  Since the value fell considerably below 
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FIo, 3.  Solubility of crystals of iodinated pepsin in 0.25 M  Na~SO4 pH 4.0 at 23°C. 
the expected, it may be concluded that the iodinated pepsin forms solid solu- 
tions with ordinary pepsin. 
The solubility of iodinated pepsin will probably decrease as more iodine is 
introduced into the molecule. 
Isolation of 1-Mono-Iodotyrosine from Iodinated Pepsin 
The experimental procedure for the isolation of pepsin and subsequent isola- 
tion  of  /-mono-iodotyrosine is  shown in Table  IL  Fig.  1 a  shows  the  ap- 
pearance of the crystalline 1-mono-iodotyrosine.  In one preparation a  small 
amount of di-iodotyrosine was also crystallized out (Fig. 1 b). 
As may be seen in Table  II, solution No.  13, contains 65  per cent of the 
original iodine.  This was successively extracted with butyl alcohol until over 
80 per cent of the total iodine had been extracted.  The fraction extracted by 
each aliquot of butyl alcohol was reasonably constant over the whole range as 
may be seen in Fig. 4.  Under similar conditions the fraction of di-iodotyrosine 
extracted is 50 per cent instead of the 20 per cent, as shown in Fig. 4.  It could TABLE II 
Isolation of l-Mono-  Tyrosim from lodlmged Pepsin 
[ 
Materials a~d procedures  No.  ]  Vol. 
i 
m/. 
~ialyzed purified  pepsin  solution,  pH 
5.3.  1  1075 
[o. 1% (20 ml. 4 ~ NaAc to pH 5.7 -[- 
5.5 ml. N/I alcoholic iodine) slowly at 
15°C.  AlIowed to stand until color- 
less.  The  specific  activity  had 
dropped 11 per cent.  2  1100 
to.  2 -b  5 mk 5 ~ NaOH to pH 7.0, 
warmed to  60°C.  for  5  rain.  then  -b  50 
ml.  5  N H2SO4  and  filtered  and  washed 
twice  with 100 ml. of  x~/100  HsSO4. 
Residue  dissolved  in  NaOH  -b  HsO...  3  500 
[o.  3 -{-  200  gin.  Ba(OH)2 drystals  and 
refluxed  20  hrs.,  then cooled  and left 
50  hrs.  at  5°C.  Filtered  and residue 
washed.  Filtrate.  4  650 
[o. 4 heated to 90°C. then -{  -  115ml. SN 
HsSO4 with stirring  to  pH  3.5  and 
aerated for I hr. to remove H2S.  200 
ml.  ~/1  PbAc2  added  and  solution 
filtered and residue washed three times 
with 80 ml. each of N/10 acetic acid. 
Filtrate and washings.  5  1300 
[o. 5 @ 85 ml. 5 N NaOH pH 8.5; let 
stand,  filter,  and  wash  on  funnel. 
Filtrate and washings..  6F  1400 
Precipitate.  6P 
[o. 6P stirred with dilute acetic acid to 
pH 4.0, then ~  HC1 to pH 2.0, filter. 
Filtrate diluted to 1 liter; precipitate 
appeared  which was  filtered off and 
discarded.  Filtrate  (pH  4.3).  Ti- 
trated  to  pH  8.0  and  filtered. 
Filtrate.  7F  1000 
Precipitate.  7P 
to. 7P -}- dilute acetic acid to pH 4.0. 
Filtered. 
Fil~ate.  8F 
Precipitate.  8P 
[o. 8P -k HC1 to dissolve, then -b NaAc 
to pH 4.0; filter.  Filtrate.  9F  50 
to.  8F  -b  alkali to pH 8.0,  filter and 
wash residue.  Filtrate -b washings...  10F  500 
Precipitate..  10P 
~o.  10P  q-  HsSO4 to pH 3.0,  filtered 
and  washed  with  HsO. 
Filtrate -I- washings.  I1F  85 
Precipitate.  11P 
T•al 
tWg. 
5700 
5650 
Totml  PhenoP  It  Phenol:[ 
I  I  N  N 
mg. 
300 
310 
307 
56 
16 
4.5  24 
10 
23.5  150 
1.15 
1.4 
5.3  6.2 
6.5  9.1 
190 TABLE H--C~fiamcd 
Materials and procedures  Phenol 
N 
No.  11P  ground  in mortar with s/20 
H2SO4, filtered.  Filtrate ............ 
No.  9F  -{-  No.  11F  -k  No.  12  con- 
centrated in vacuo .................. 
No.  13  diluted to  100 ml. with dilute 
H2SO4, pH 2.5 then -t- 50 ml. butyl 
alcohol  saturated  with  water  and 
shaken  3  rain.  in separatory funnel. 
Separate.  Butyl alcohol layer ....... 
Water layer ............ 
No. 14W  q- 38 ml. butyl alcohol satu- 
rated with H20, shaken, and separated. 
No. 15W  q- 38 ml. butyl alcohol satu- 
rated with H20, shaken, and separated. 
No. 16W +  38 ml. butyl alcohol satu- 
rated with H~O, shaken, and separated. 
No. 17W  "Jr 38 ml. butyl alcohol satu- 
rated with H~O, shaken, and separated. 
No. 18W  -k 38 ml. butyl alcohol satu- 
rated with H20, shaken, and separated. 
No. 19W -k 38 ml. butyl alcohol satu- 
rated with H20, shaken, and separated. 
No. 20W +  38 ml. butyl alcohol satu- 
rated with HzO, shaken, and separated. 
All of the butyl alcohol solutions from 
14A-21A collected and evaporated in 
~ac.uo  to  50  ml.  This was then ex- 
tracted  with  25  ml.  saturated 
Ba(OH)2  solution  +  25  ml.  water. 
Alkali water layer .................. 
No. 22  "4- H2SO4 to pH 3.0,  filter and 
wash residue; evaporate to 10 ml. then 
+  5 ~ NaOH to pH 3.5,  let stand at 
5°C.; a smail brown precipitate came 
out,  was  centrifuged  off,  and  dis- 
carded.  Titrate supernatant  to  pH 
5.7  and  let  stand.  Rosettes  of 
diamond-shaped  platelets  appeared. 
Place in shallow dish and  evaporate 
to 2.3 ml., cool, filter. 
Filtrate -k washings ................ 
Crystalline precipitate  ............. 
6.2 
8.8 
10.5 
8.9 
10.0 
5.7 
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TABLE II--Canduded 
Materials and procedures 
No. 23P dissolved .................... 
No.  21W  +  various  residues  + 
washings ......................... 
No.  25  extracted  twice  with  50  ml. 
butyl alcohol ...................... 
No. 26/t extracted with Ba(OH)2; acidify 
water layer with H2SO4, centrifuge; 
supernatant +  23F evaporated down. 
Diamond  platelets  again  formed; 
Filter  and wash residue once. 
Filtrate  .......................... 
Crystals dissolved ................. 
No. 24 +  No. 28P .................. 
No. 29 recrystallized. 
Crystals dissolved ................. 
Mother liquor  ..................... 
Vol. 
12.5 
22 
115 
15 
5.5 
9.3 
9 
6.5 
T•Q 
mg. 
9 
10 
8 
I0.0 
2.8 
6 
9 
4.1 
Phenolt 
N 
9.6 
7.6 
10.8 
10 
7.7 
* This ratio is number of milligrams of tyrosine that give the equivalent color with Folin's 
phenol reagent divided by the number of milligrams of iodine. 
J" This ratio is the number of milligrams of iodine of a sample divided by the number of 
milligrams of nitrogen. 
This ratio is the same equivalent color as in the first footnote (*) but divided by the 
number of milligrams of nitrogen. 
be concluded from this distribution experiment, therefore, that the iodine-con- 
taining component was probably not di-iodotyrosine and that the component 
was fairly homogeneous with respect to iodine; i.e.,  there was only one iodine 
component.  It should be pointed out that the analyses of the fraction in the 
first butyl alcohol extract,  14A  of Table II,  are practically the  same as  the 
analyses of the last extract,  21A.  This  is additional evidence regarding the 
homogeneity  of  this  material.  In  Fig.  4  the  ordinate  scale  spacing  is  log- 
arithmic. 
Although only 42 per cent of the original iodine was obtained as crystalline 
mono-iodotyrosine, the distribution or extraction experiment makes it highly 
probably that over 65 per cent of the original iodine was present as iodinated 
tyrosine. 
The details of the distribution experiment are given in Table II but a few comments 
are appropriate.  Butyl alcohol and  water  have  an  appreciable solubility in  each 
other.  Therefore for constancy of volume it is necessary to saturate each with the 
other.  In Table II, No.  14 of the water solution was not initially saturated with 
butyl alcohol but after the first extraction with 50 ml. of butyl alcohol the butyl ROGE~ M.m~.mUOT'r  193 
alcohol volume decreased to 38 ml. and the difference was the volume of butyl alcohol 
necessary to saturate the water layer.  To simplify the problem,  therefore, in the 
second and succeeding extractions 38 ml. of butyl alcohol saturated with water was 
used.  By doing this the volumes remained constant. 
go 
.~  30 
ml-'  £0 
.~ + 
! 
0100 90 80  70  60  50  40  30  £o  10 
Percent o£ total IoJ.ine in water layer after each successive extraction 
FIG. 4.  Distribution of iodine components between butyl alcohol and water at pH 
3.0 and 25°C. on successive extractions. 
Identification  and Properties  of l-Mono-Iodotyrosine 
Mono-iodotyrosine was isolated only recently by Ludwig and Mutzenbecher 
(1939) from iodinated casein.  They measured very few properties but state 
that, as compared to di-iodotyrosine the mono- derivative had the same crys- 
talline appearance, was more soluble in water, had the same melting point, and, 
of course, differed primarily in its iodine content. 
Table  III  shows  the  results  we have  obtained  compared  to  those  of di- 
iodotyrosine.  On  one  occasion the  mono-  derivative crystallized out  with 
rounded edges appearing somewhat like the whetstones of di-iodotyrosine but 
most of the time they appeared as sharply formed diamond piatelets as shown 
in Fig.  1 a  or rosettes of these platelets. 
The iodine and nitrogen values obtained are slightly different from those re- 
ported by Ludwig and Mutzenbecher but they found one molecule of water of 
crystallization in their product.  Since our product was dried at 70°C. in vacuo 
this water was presumably driven off, thus accounting for the discrepancy. 
Our values agree quite closely to the theoretical percentages of an anhydrous 
material. 
In view of the fact that Ludwig and Mutzenhecher had also obtained thy- 
roxine from iodinated casein it was thought that possibly our crystalline iodine 
derivative might be related to thyroxine perhaps as an ether of one molecule of 
ordinary tyrosine and one of di-iodotyrosine.  Such a  compound would yield 
elementary analyses close to those of mono-iodotyrosine.  However, a molecu- 
lar weight determination by the Barger vapor pressure method (1904) using 
formic acid  as  the  solvent and  di-iodotyrosine as  the  standard  showed  the INACTIVATION  O~  tgEP,  SIN  ~B¥  :IODINE.  H 
~ampound  to have a molecular weight ha the neighborhood ~f 300 which ,rules 
~a~tt  the  ether possibility. 
The  monoiodo derivative  gives  a ,strong  MiUon's reaction  so tl~zt  one should 
be careful  of concluding that tyrosine has not been iodinated merely from a 
positive Millon reaction even though carried  out quantitatively. 
TABLE III 
Properties of Crystalline l-Mono-Iodotyrosine Compared to Di-lodotyrosine 
Property  Monoiodo-  Diiodo- 
Crystalline form ....................... 
lain in 4 per cent HCI at 22°C  ........... 
Solubility in water in mg./ml  ............ 
Melting or decomposition point  .......... 
Phenol color value/iodine,  ratio t ....... 
Phenol color value/nitrogen, rafiot ....... 
Iodine/nitrogen,  ratiot ....... 
Reaction to Millon's reagent ............ 
Nitrous  acid  color  test  for  ortho-iodo- 
benzene derivatives~:  .................. 
Per cent iodine ........................ 
Per .cent nitrogen ...................... 
diamond platelets 
-8.8 
4 
201°C. corrected 
10.0 
9.0 
+ 
+ 
42.0 found§ 
41.5 calculated 
4.5 ~ound§ 
4.55 calculated 
whetstones or needles 
--2.9* 
0.8 
195°C. corrected 
0.3 
6.2 
18:0 
+ 
* Value from Abderhslden (1923) 
t These ratios are explained in the footnotes of Table II 
:~ Kendall and Osterberg (1919) 
§ The sample used for these analyses was dried 15 hours at 70°C. in vacuo. 
EXPERIMENTAL METHODS 
The extraction procedure consists of agitation by hand in a separatory funnel for 
3 minutes at room temperature after which the solutions are allowed to separate and 
each layer drawn off and analyzed for total iodine.  The pH of the water solution was 
adjusted at the start to between pH 2.3 and pH 3.3 with sulfuric acid. 
Preparation  of Pepsin.--The  pepsin used  through  out  this  work  was prepared 
according to Table VI of a  previous publication (Herriott, Desreux, and Northrop, 
1940).  The protein in the filtrate No. 4 of that table was precipitated by addition of 
250 gin. of solid MgSO4.7H~O for every liter of filtrate.  The precipitate was filtered 
off and dialyzed in cellophane bags against tap water overnight. 
Determination of Nitrogen.--This estimation was described by Northrop and Kunitz 
(1932).  Instead of distilling into hydrochloric acid as previously done, a 4 per cent 
boric acid solution with brom cresol  green indicator is used.  Only one titration is 
required and this is with N/70 hydrochloric acid.  This change was brought to the 
writer's attention by Dr. Bacon F. Chow. 
~Determination of Iodine.--A modification of the method of Kendall, as previously 
described by Herriott (1937) was used. ROOER ~.  ~_m~orr  195 
Determination of Phenol Color.'-I ml. of a solution of material which would yield 
about the same intensity of blue color as 0.15 nag. of tyrosine was put into a 50 ml. 
Erlenmeyer flask; 8 ml. of 0.5 ~ sodium hydroxide was added, followed by 3 ml. of a 
1/3  dilution  of Folin's phenol reagent prepared according  to Folin and Ciocalteu 
(1927).  The phenol reagent was added dropwise with stirring and the color read 
after 10 minutes against a tyrosine standard treated in the same way or a calibrated 
blue glass.  When the unknown contains a high concentration of buffering material 
more alkali is required. 
Peptic  Activity  Measurements.--The  hemoglobin  activity  method  was  tlmt  of 
Arson (1938).  The rennet activity method was that of Herriott (1938). 
Solubility  Methods.--This has been discussed in detail by Herriott, Desreux, and 
Northrop  (1940). 
SUMMARY 
1.  Pepsin solutions were iodinated at pH 5.0--6.0 until 10-20 per cent of the 
activity was lost and 1/20 (0.7 per cent) of the saturating amount of iodine had 
been introduced into the protein molecule.  After alkaline hydrolysis 65 per 
cent of the original iodine was  accounted for as mono-iodotyrosine although 
only 42 per cent was isolated as a  crystalline product.  No evidence was ob- 
tained to support the possibility that any group other than tyrosine in pepsin 
was iodinated. 
2.  Some  of  the  properties  of  the  crystalline  /-mono-iodotyrosine  were 
determined and compared to those of di-iodotyrosine. 
3.  One iodinated pepsin preparation was crystallized.  The crystal form was 
the same as  that  of the original pepsin.  A  solubility curve of the crystals 
demonstrated that it was very different from pepsin and had nearly constant 
solubility. 
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